Moisture distribution in vadose zone soil is the most important parameter for land productivity and vegetation status of ecological systems, and is sensitive to temperature variation. In this study, laboratory scale tests were conducted to determine the effect of temperature on variation in moisture distribution in covered and uncovered conditions. The results indicated that soil moisture from 2.65 to 20 cm was positively correlated with temperature and temperature gradient, and the top 2.65 to 5 cm was dramatically influenced by temperature changes in both covered and uncovered conditions. The moisture content when temperature was increasing was higher than that when temperature was decreasing for the same temperature, when the film covered the top of the soil column. In contrast, the moisture content when temperature was increasing was lower than when the temperature was decreasing for the uncovered soil column. The difference between treatments was not maintained as soil depth increased.
INTRODUCTION
Variation in moisture content in the vadose zone is a key factor for agricultural irrigation, groundwater recharge processes, slope stability and climate change (Fu & Jin ; Huang et al. ) . The moisture content determines the land productivity and vegetation status of the ecological system (Pritchard et al. ) . The partitioning of precipitation in surface runoff and infiltration are mainly affected by soil moisture (Tavakoli & De Smedt ) . However, the moisture in vadose zone is very sensitive, because it is always between the saturated soil layer and the atmosphere. Hence, it is important to understand the factors affecting moisture content, which could provide valuable reference for the agriculture, groundwater investigation, and slope stability research.
Moisture content in the vadose zone would be affected by atmospheric factors (such as solar radiation, wind speed, temperature, air humidity and soil surface properties), and the diurnal cycle. In the process of bare soil evaporation, the moisture content of surface soil presents typical diurnal variation, which has been observed in a number of field tests (Black et al. ; Allen et al. ) . Rose (a) monitored the moisture content and temperature in the top of 15 cm of bare soil for a period of six days and nights. The observations showed that the diurnal variation in moisture content changed in the form of a sine wave except for the deepest cross section (about 15 cm underground). Rose (b) explained the reason for the diurnal variation in moisture content could be interpreted as indicating the existence of a vapor flux in the soil of similar magnitude to the liquid flux. Jackson () conducted similar field experiments. Diurnal variation in water contents near the soil surface was also observed, but the moisture content significantly increased around noon at depths of 1-2 cm. The phenomenon of significantly increased moisture content at specific depths was reported in previous studies (Monji et . Sometimes, the horticultural plastics are used to cover on the soil to provide a closed environment for the seeds to germinate. In this research, column experiments were conducted to investigate the effect of temperature on moisture distribution in the vadose zone for bare soil columns and columns covered with plastic wrap. Diurnal temperature variations and moisture content were monitored at different soil depths over time. The gradients in temperature and moisture during a single day and night cycle were discussed. The research results will provide a valuable reference for plant production under greenhouse conditions.
MODEL TEST

Experimental apparatus
The model tests were conducted in a Plexiglas cylinder 60 cm in height and 14 cm in diameter. The different constant hydraulic pressures could be supplied by the water supply system, which consisted of a peristaltic pump ( Figure 1 ). Three thermal sensors and three humidity sensors were placed in the sample via holes on the Plexiglas cylinder to monitor the temperature and moisture at different depths because of diurnal temperature variation. Temperature and humidity sensors were also placed on the top surface of the sample. All of the sensors were connected to the corresponding proprietary data recorders. The gap between the Plexiglas cylinder and the sensors was properly sealed with silicone glue to ensure no water leakage. The hydraulic pressure was controlled by the water inlet in the center of the column bottom, and the filter screen was placed on top of the water inlet to ensure even distribution of hydraulic pressures.
The ST-1-PT1000 thermal sensors were used to monitor the temperature variation at different soil depths. The ST-1-PT1000 thermal sensors could measure the temperature of the air, water and soil. The measurement range, accuracy and resolution of the thermal sensors were À40-120 W C, 120 W C and 0.1 W C, respectively. The frequency domain reflectometry (FDR) technology which is based on the electromagnetic pulse principle has proven very effective to measure the moisture content in soil (Topp et al. ; Whalley et al. ; Wojciech ). The FDS100 soil moisture sensor, which is based on the FDR technology, was used for moisture measurement to limit disturbance and destructive soil sampling.
Specimen preparation
The model test samples were prepared in accordance with the Chinese specifications for soil tests (Ministry of Water Resources of China ). A fine sand and a silty loam were used in sample preparation to make the samples much closer to the natural state. The silty loam was dried and crushed before the experiments. The silt, clay and sand contents of the silty loam were 64.3%, 6.9% and 28.8%, respectively. The grain-size distribution of the fine sand, which was obtained using a size distribution test, is shown in Figure 2 . The silty loam layer was on top of the finer sand, and a relatively thin gravel layer (about 5 cm) was placed under the sand layer as the filter (Figure 1) . The depths and physical properties of the materials used in this study are shown in Table 1 . Rubber plugs of the same size as the thermal and moisture sensors were placed into the holes on the Plexiglas cylinder. According to the volume of the samples, the silty loam and finer sand were weighed using an electron balance and then divided into four equal parts. Each part of the finer sand was put into the Plexiglas cylinder on top of the gravel layer, according to the predetermined volume from the experimental design. Similarly, the silty loam was applied on top of the finer sand layer. Before placing the last of the silty loam in the cylinder, one thermal sensor and one moisture sensor were positioned at the upper center of the sample. Finally, the rubber plugs were pulled out, and the thermal sensors were positioned into the soil about 30 mm and moisture sensors were positioned into the soil about 53 mm, respectively. Silicone glue was used at the interface between the sensors and the Plexiglas cylinder.
Experimental procedures
To understand the effect of temperature on moisture distribution under the different experimental treatments, two experimental conditions were studied in this research, which were outdoor with top cover (covered) and outdoor with no top cover (uncovered). The experimental setup was placed in the shade, where it could not be in the sun directly.
All the experiments were conducted in December in Nanjing, China. The daylight is about 10.25 h at this time in Nanjing. The ambient temperature during the experiments were recorded, which could be found in the following section. The following experimental procedures were implemented to facilitate the study of temperature on moisture distribution in the unsaturated soil. First, hydraulic pressure was applied at the bottom of the sample to let the water flow into the sample. The maximum water level could be controlled at 49 cm from the top of the sample by using the water outlet valve. The water level was kept at this position for seven days to allow the capillary action to fully wet the soil, and the whole experimental setup was then placed in the room without a cover. The water reservoir is used to make sure that there is enough water to evaporate and keep the water lever as an constant. The thermal and moisture sensors began to monitor the changing temperature and water content at different depths of the sample when the inlet valve was opened. All data were automatically collected by PC and the time interval for automatic recording was 60 min.
The temperature gradient was defined to help analyzing the influence of temperature on water movement in the unsaturated soil zone.
The positive direction of the Z axis is defined as the downward direction along the depth, and the temperature gradient could be expressed as below in Equation 1:
where T is soil temperature; i is the serial number of the monitoring position (i ¼ 1, 2, 3 and 4 corresponding to the monitoring position of 0 cm, 5 cm, 10 cm and 20 cm depth, respectively).
To investigate how moisture changed with soil depth, the moisture content gradient could be defined as below in Equation 2:
where θ is the soil volumetric water content. 
EXPERIMENTAL RESULTS AND DISCUSSION
At the beginning of the experiments, the soil sample was put in the room for seven days to create a relatively stable unsaturated soil zone. The moisture variation at different depths of the soil samples during the creation of the unsaturated soil zone is shown in Figure 3 . The moisture content increased dramatically after the hydraulic pressure was applied. The fluctuations in moisture content were tending towards stability about 60 h later. The amplitudes of the moisture fluctuations decreased as the soil depth increased (Rose a, b; Hillel ). Similar phenomena were observed for the temperature fluctuations (Figure 4) . Although the fluctuation amplitudes at different depths varied, the temperature fluctuation tendencies were consistent at each of the different monitoring depths. The amplitude of fluctuation of the room temperature was about 5 W C. It could be concluded that the moisture fluctuations after 60 h were caused by the temperature variations. The silty loam soil sample could be considered as a relatively stable unsaturated soil zone.
Temperature distribution
The soil sample was moved outdoors after the relatively stable unsaturated soil zone was created. The ambient temperature and the temperatures at the monitoring depths for the uncovered case are shown in Figure 5 . The ambient temperature curve was not smooth, while the temperature curves for the monitoring positions were very smooth. The amplitude of the ambient temperature fluctuation was about 15 W C, which was bigger than that in the room. The amplitude of temperature fluctuations at different monitoring depths was about 20 W C. The values of the lowest temperatures at the different monitoring locations during the cycle of nights and days were in agreement with the ambient temperature, but the highest daytime temperature was about 5 W C higher than the ambient temperature. Similar phenomena have been previously observed, that the ground temperature is always higher than ambient air temperature in the winter (Ahmad & Rasul ; Yazaki et al. ) .
Plastic wrap was used to cover the top of the soil sample after 114 h. Plastic wrap was 5 cm distant from the top of the soil sample. The ambient temperature and the temperatures at each monitoring position for this treatment are shown in Figure 6 . The ambient temperature was lower compared with the uncovered treatment. The temperatures at each monitoring location were higher than or approximately equal to the uncovered treatment. The plastic wrap which covered the sample top could maintain the soil temperature, which is conducive to plant growth and development (Zhang et al. ; Yao et al. ) .
Moisture variation
Diurnal variation in moisture content at the monitoring locations for the outdoor uncovered treatment is shown in Figure 7 . The moisture at 2.65 cm depth was fluctuated considerably, and the maximum soil water content of the surface soil was about 40%. The fluctuation was possibly caused by the evaporation from the soil surface. The average moisture at 5 cm depth was about 40%, which was higher than at any other position. The amplitudes of the moisture fluctuations at different locations decreased with monitoring depth. Moisture content was maintained at around 31% at 20 cm depth during both day and night. A similar phenomenon was reported by Green & Erskine () , which was based on field observations. The changes in moisture content and temperature content showed similar patterns ( Figure 5) .
The moisture variations when the plastic wrap covered the top of the soil sample are shown in Figure 8 . The maximum moisture content for the plastic wrap treatment was higher than when the soil was uncovered, even though the ambient temperatures were similar (Figures 5 and 6) . The covered environment induced ventilation is almost impossible, which causes water vapor from the evaporation to condense to water droplets on the plastic wrap. The water droplets would then drop back onto the surface soil to increase the surface soil water content. The top plastic wrap did not change the moisture content of the deeper monitoring positions, especially for the 20 cm depth. The fluctuation amplitude of moisture content at this depth was very small, similar to the uncovered soil treatment.
The influence of temperature on water movement
The temperature distributions and the moisture variations at the different monitoring positions for both covered and uncovered treatments have been discussed above. The temperature gradients at 2.5 cm, 7.5 cm and 15 cm depths during the diurnal day/night cycle are shown in Figure 9 . The temperature gradient at a 2.5 cm soil depth showed a large fluctuation in amplitude fluctuation for both covered and uncovered treatments. The main differences in the temperature gradient for these two treatments are only observed at a 7.5 cm depth, which is shown as blue square marker in Figure 9 (a) and 9(b) (please refer to the online version of this paper to see Figure 9 in colour: http://dx.doi.org/10.2166/wst.2016.569). There is a small amplitude temperature gradient fluctuation during the diurnal day/night cycle for the uncovered treatment. The temperature gradient for the covered treatment is relatively stable at a 7.5 cm depth. At a 15 cm depth, the temperature gradients of the two treatments is around zero, which means the plastic wrap on the top of the sample does not affect the temperature gradient at a 15 cm depth.
The change in moisture gradients over time for the two treatments is shown in Figure 10 . The moisture gradients are mainly dominated by the temperature, which could be concluded based on the above discussion. For the plastic wrap covered experiments, amplitude of the temperature gradient fluctuation at a 2.5 cm depth is larger than for the uncovered treatment. Similar phenomena based on the moisture gradient curves at a 3.825 cm depth are observed for both experimental conditions. The surface moisture and the temperature of the soil samples are affected by evaporation and ambient temperature (Jackson ; Monji et al. ; Assouline et al. ) . The relationships between the soil temperatures and moisture contents at 5 cm, 10 cm and 20 cm depths are shown in Figure 11 . The temperatures and the moistures are approximately linearly related during the diurnal day/night cycle. The slope of the moisture vs. temperature at 10 cm and 20 cm depths are similar for both treatments. The slope is much greater at 5 cm than at the other depths. For the uncovered treatment, the moisture content when the temperature was increasing was higher than that when the temperature was decreasing for the same temperature at each point. After the soil sample was covered, the moisture content when the temperature was increasing was lower than that when the temperature was decreasing for the same temperature at each point, especially at 5 cm. This could be because of the changing of atmosphere pressure which influences capillary movement of the water in the certain depth range (Richards ). As the depth increased, the differences between treatments were reduced. The total soil moisture content showed a decreasing trend because of water evaporation close to the soil surface for the uncovered treatment. When the temperature was decreasing, the moisture content of each point was lower than when the temperature was increasing, which was related to the water loss. After being covered with plastic wrap, the soil column experienced no water exchange with the outside. The water vapor could condense on the film after the water evaporation because there was almost no ventilation for the covered case. When the temperature was decreasing, the water condensed on the film returned to the soil when the temperature subsequently increased. This phenomenon explained the higher moisture content of the soil when the temperature was decreasing compared with when the temperature was increasing.
CONCLUSIONS AND OUTLOOK
Experiments were conducted to understand the different effects of temperature on the moisture distribution in unsaturated soil between covered and uncovered treatments. First, the unsaturated soil samples were prepared in the room, after which the experiments were conducted outside under the two treatment conditions. The diurnal cycles of temperature and moisture at different depths of the unsaturated soil for the covered and uncovered treatments were studied based on the model test. From analysis of the experimental results, the following conclusions were drawn.
(1) The amplitudes of the moisture fluctuations at different depths during the diurnal cycles deceased as the monitoring depth increased. For the uncovered treatment, the moisture content of the surface soil was lower than at 5 cm and 10 cm depths because of evaporation and the atmosphere pressure variation. Conversely, the surface moisture for the covered treatment was relatively high because the water would be returned to the soil after steam condensation.
(2) For the uncovered treatment, the moisture content gradient at a 3.825 cm depth decreased during the diurnal cycles, while that at a 7.5 cm depth increased. The moisture content gradients at different monitoring depths for the covered treatment presented relatively stable cyclical changes, which indicated that the soil in the greenhouse could provide a stable moisture environment for plants to grow.
In this research, the experimental tests were conducted using a novel device to investigate the effect of temperature on the moisture distribution in unsaturated soil. The experimental results showed the different moisture distributions between the covered and uncovered treatments. The next phase of this work is to simulate the distribution characteristics of moisture content and temperature by the numerical method. 
